In this study, we investigate surface strains related to seismic events and their relationship with pre-and post-seismic events in Latin America, by analyzing the variation of estimated earth coordinates supplied by a geodetic network called SIRGAS-CON. Based on data provided by the USGS for the period 2000-2011, and after the Global Congruency test, we selected four events associated with unstable geodetic network points. The resulting strains were estimated based on the nite element method using networks of points considered unstable connected to neighboring points using the Delaunay triangulation. It was possible to determine the strains along with the resulting guidelines for pre-and post-seismic, considering each triangular lattice formed for analysis as a homogeneous solid body. The calculation of strains and veri cation of the results allowed to analyze the interactions between lithospheric plates from the contraction and extension directions between points located in different plates. Despite the association between seismic events and the strain of geodetic network, some events of magnitude greater than 5.8 M w were excluded because it does not show (provide) the surface strain, which is located at great depths. It was con rmed that events of greater magnitude provide increased surface strain rate when compared with other similar depths. 
Introduction
Strain analysis, according to material mechanics concepts, has been widely used in geodesy and geophysics in order to understand the geodynamic behavior and to investigate the impacts of natural and arti cial events on the earth surface.
Several studies have been conducted to analyze displacement and strains resulting from energy accumulation or release caused by natural forces that act on the crust and results in seismic events of different magnitudes and intensities in locations where there are * E-mail: marotta@unb.br faults, fractures or lithospheric plate boundaries.
One of the rst tasks of the GPS (Global Positioning System) for geophysical studies, was to determine displacement between preand post-seismic events according to Hudnut et al. (1994) , in the 7.2 moment magnitude (M w ) -earthquake of June 28, 1992 that happened in Landers, California. Hudnut et al. (1994) determined the displacements caused by this earthquake and used the data to model the elastic representation of the rupture planes of primary faults.
There are numerous studies involving seismicity analysis, the resulting strain on the surface and analyzing the temporal variation of geodetic control point coordinates as well. Among them, Yu et al. (2001) , Fernandes et al. (2002) , Ishii et al. (2005) and Hsu et al. (2009) studied co-, pre-and post-seismic movements of earth-quakes using GNSS (Global Navigation Satellite System) technology to determine the displacements and strains caused by different events. Wallace et al. (2004) analyzed velocities measured by GPS and obtained earthquake slip vectors of faults in the Woodlark Basin in New Guinea, to understand the orientation of the tectonic blocks and the degree of elastic strain along the region faults. Zhang et al. (2005) based on the results of the velocity eld of crustal movements obtained from GPS measurements on the northeastern edge of Qinghai-Xizang block, analyzed qualitative and quantitatively the movement and strain between blocks and tectonic faults on their boundaries, distribution of the tectonic tension eld and locals with high accumulation of strain energy and intensity. Ruegg et al. (2009) analyzed the interseismic strain accumulation measured by GPS in the seismic gap in Chile, and reported that surface strain in the south central region between Concepción and Constitución is consistent with the elastic load on the subduction interface at depth. Through seismic study and GPS positioning techniques, Vigny et al. (2009) showed that in the analyzed area in Chile, part of the total convergence rate between the Nazca and South America plates gives rise to elastic strain accumulation on the top plate and part is dissipated by free or non-seismic slip. In Thailand, Satirapod et al. (2010) conducted studies focusing on GPS data collected between two large earthquakes and found that the strain was in the same direction of the post-seismic relaxation veri ed in the Sumatra trench. Velasco et al. (2010) analyzed a series of vertical and horizontal crustal seismic re ection lines, GPS continuous velocity and surface geology to determine the relationships among interseismic strain accumulation, underground geometry and slip rates of geological fault lines in the East Basin and Range Province, western United States.
In the case of natural forces acting on the lithosphere, more precisely on the crust, it is understood that the study of strains associated with seismic events remains not completely understood and therefore, needs to be continuously studied.
The objective of this paper is to verify the in uence of seismic events on the crust, this study aims to analyze the strains on the earth surface, in the pre-and post-seismic, using coordinates estimated by GNSS positioning techniques in a continuously monitored geodetic network called SIRGAS-CON. A study by Costa et al. (2009) determined the displacement velocity vectors of plates by processing the data obtained from SIRGAS-CON network. Silva et al. (2010) used data from the same network to determine station displacements caused by the earthquake of February 27, 2010, in Chile. The authors reported displacements that ranged from 3.3 to 297.8 cm at epicentral distances of 1,000 km. (2011) showed the impact of seismic events on SIRGAS, as seen in Table 1 .
Experimental procedures

Study sites
Coordinate system
The coordinates of the SIRGAS-CON network, arranged in geocentric cartesian system (ellipsoid GRS80), are determined by weekly solutions of the data supplied by the GNSS station. The coordinates are provided by the working groups responsible for maintaining SIRGAS (Brunini et al., 2012) .
To determine the strains, it was necessary to transform the threedimensional geocentric cartesian system (X , Y , Z ) into the geocentric geodetic system (λ, ϕ, h) and from this, to the local geodetic system (x, y, z). Monico (2008) presents the models used to transform the systems.
The geocentric geodetic coordinate system was used for both, forming connections between the geodetic points using the Delaunay triangulation, and de ning the origin of the local geodetic system, given by the centroid position of each triangle.
After de ning the origin and points that make up each triangle called the network, the three-dimensional coordinates of its vertices were calculated in the local geodetic frame.
Stability points of the geodetic network
Before calculating the geodetic network strains, we used the GCT (Global Congruency Test) to identify the GNSS station points that moved between pre-and post-seismic events. This test is widely used to verify statistically point stability.
Neumann and Kutterer (2006), Hekimoglu et al. (2002) and Denli and Deniz (2003) describe in their work the basic aspects of applying the GCT. The null (H 0 ) and alternative (H a ) hypotheses considered in this test are given as:
where E is the mathematical expectation, d is the difference of each vector component of a point at two different times:
This test can be applied as follows (Neumann and Kutterer, 2006; Kapovic et al., 2006) :
where K is the calculated factor that compares two times in the GCT, h is the rank of the covariance matrix C d of d andσ 2 0d is the a posteriori reference variance d, given by:
where n g is the sum of the degrees of freedom, V is the residue vector and P is the weight of the observations at/over the timelapse survey.
In this work, both n g andσ 2 0d were determined from data provided by the SIRGAS processing center.
The statistic test follows the F distribution, where α is the signicance level.
As an alternative hypothesis, we have K > F R,n,1−α .
If the null hypothesis is rejected, then it can be assumed that there was a position change or instability of the analyzed point over time at a given α.
The use of the F distribution to verify the hypotheses on CGT is due to the fact that Eq. (4) follows non-central F distribution, which is a continuous probability distribution generalized of the F ordinary distribution, frequently used for analysis of variance and to determine if the variances of the two populations are the same. Turcotte and Schubert (2002) show that stress components can be de ned at any point of a given material. In order to illustrate this procedure, let's consider a small plane with known dimensions and oriented according to the cartesian coordinate system. In this section or plan, we consider a bi-dimensional stress state; therefore, no surface forces in the z-direction.
Strain due to geodetic network
The Finite Element Method was then used to determine the strain caused by the bi-dimensional stress state. According to Deniz and Ozener (2010) , this method can determine strain parameters independent of datum, using the distance relationship between points, or baselines, at two different times. Thus, the model does not consider the strain displacement of a given network, but only the deformed ones. Strain was determined by the Finite Element Method for each at region formed, consisting of a at triangle de ned by the Delaunay method.
The linear expression to determine the resulting strain (ε) of a network baseline is given by:
where S is the planimetric distance between two network points at a given time 1 and S ′ is the planimetric distance between the same points at time 2.
Since the studied geodetic network was formed by properly oriented triangles, we used a general equation to determine the resulting bi-dimensional strain as a function of the adjusted param- Schubert (2002) and Deniz and Ozener (2010) . Once strain parameters were determined, we calculated for each plane formed by coordinate vector components, the maximum (E 1 ) and minimum (E 2 ) principal components of strain, together with its orientation (β). It was also possible to determine the maximum normal strain (E inter ) and maximum shear (E shear ). 
The same triangular networks were also used to determine altimetric strain (ε z or e zz ) according to the following equation:
where S z is the vertical distance between network points at a given time 1 and S ′ z is the vertical distance between the same points at time 2. The observations were adjusted by the Least-Squares Method (LSM) to determine the altimetric and planimetric geodetic network strains. The parameters shown in the model used to determine strain, Eq. (14), were adjusted by the LSM parametric model.
where L a is the adjusted value vector and X a is the adjusted parameter vector.
The covariance propagation law according to Gemael (1994) was used to determine the accuracy of every calculation step, for a given generalized model Y = F (X ), we have:
where C Y is the variance-covariance matrix of Y ; D, the Jacobian matrix formed by the partial derivatives and C X , the variancecovariance matrix of X .
Crust strain in the pre-and post-seismic periods
Based on the available seismological bulletin by the USGS (United States Geological Survey) for the study area during the 2000-2011 period, we chose to investigate 23 important events of magnitudes higher or equal to 5.8 M w that hit at different depths (http://earthquake.usgs.gov/earthquakes/ eqarchives/poster/byregion.php accessed on 23/03/2012). Those events were chosen because they were reported with more details by USGS, allowing comparisons. For each chosen seismic event, the stability of each geodetic point was evaluated by the GCT. The objective was to reduce the study area to sites, where, statistically, the points were unstable. The identi ed triangular sites with at least one unstable vertex were considered to be homogeneous regions whose strains were determined. 
Results and Discussion
The owchart in Fig. 2 shows that each event was studied a two different times, one week apart. The GCT (α = 10%) showed that from the 23 seismic events chosen, only 7 had points of instability detected (Table 2) .
In order to associate the unstable points of the geodetic network with seismic events, the points distant from the hypocenters were rejected according to the CGT null hypothesis. Therefore, from the 7 chosen events, the 4 that were associated to unstable points in the geodetic network, were located in northern Chile, Costa Rica, Off-shore Bio-Bio (Chile) and Baja (Mexico), and happened on 06/13/2005, 01/08/2009, 02/27/2010 and 04/04/2010, respectively (Fig. 3) .
The instability analysis detected displacements of the vector components of the points between 1 cm (point ETCG on 01/08/2009) and 3m (point CONZ on 02/27/2010) approximately, as shown in Table 2 . It appears that the largest displacement occurred during the 8. The resulting strain was determined by the nite element method, using the networks formed by the unstable points together with unstable or stable neighboring points connected to the rst by the Dealunay method. The dimensionless unit used to represent the strain rates, according to Deniz and Ozener (2010) , was the microstrain -µ S .
The event on 06/13/2005 caused instability in the IQQE station. This station was connected to the neighboring points and both planimetric (Fig. 4a) and altimetric (Fig. 4b) strains that resulted, were calculated. Figure 4a show that the AREQ, COPO and IQQE network located in the South American lithospheric plate had higher contraction planimetric strain towards SW-NE in the direction of the Paci c Ocean and consequently, toward the Nazca lithospheric plate. This contraction could be also detected by the networks formed by IQQE, COPO and UNSA, as well as IQQE, UNSA and CUIB. On the other hand, the AREQ, IQQE and CUIB network extends towards the same direction. It is, probable, due to the region and is the altiplano small plate boundaries (Bird, 2003) and Sierras Pampeanas "orogens" and also present different fault systems described by Heid- After the triangular networks were formed and the planimetric (Fig. 5a ) and altimetric (Fig. 5b ) resulting strains were calculated, the respective contraction and extension values were determined.
The points used to analyze this event are located in different lithospheric regions. The point GLPS is in the Nazca plate, the point Table 2 . Points of the SIRGAS-CON network that were considered unstable between pre-and post-seismic periods.
Seismic Events
Points GCGT is in the North-American plate and the points MANA, ETCG, IGN1 and DAVI are in the Caribbean plate.
The network formed by the points GCGT, MANA and ETCG had higher planimetric strain based on principal components of strain.
The contraction of the networks occurred predominantly towards the northeast, while expansion was towards the southeast. Therefore, it is possible to see that the Caribbean plate was compressed by the North-American and Nazca plates, towards the northeast, and it expanded towards the southeast in the direction of the South-American plate. Fig. 6a and Fig. 6b , cover an area of the continental crust of the South-American lithospheric plate, from the Paci c to the Atlantic Ocean. Major strains were observed near the hypocenter, while minor ones were observed farther away, as movements showed in Table 2 and strains plotted in Fig. 6a and peanas orogens) presents higher planimetric contraction values.
The nding suggests that the Nazca plate is in subduction beneath the South-American plate, which caused energy release, allowing the point CONZ to move towards southwest. The CALL, CONZ and GLPS network, also with points in two different plates, expanded towards southwest, and it was therefore, in uenced by the rst studied network.
All other formed networks located in the South-American plate presented planimetric extension strain, predominantly, in the north and southwest directions. This fact suggests that the points of the studied networks are growing farther apart and, consequently, the distention of the South-America continental crust at varying degrees, according to the Fig. 6a .
The network altimetric strain occurred as contraction, and it was higher for the LHCL, CONZ and ESQU network, located in the South-American plate. Other networks changed between altimetric contraction and extension, as seen in Fig. 6b .
The event registered on 04/04/2010 was an earthquake of magnitude 7.2 M w , 10 km deep, with epicenter in Mexico. In this event, the geodesic point MEXI was considered unstable.
According to Fig. 7a , the GOLD, MEXI and PIE1 network showed the highest plaminetric extension values. When compared to other networks, we can see that this extension was towards the southeast and contraction in the northeast direction.
All the studied networks are located in both North-American (the Gorda California-Nevada orogens, Bird (2003) ) and Paci c lithospheric plates. Thus, based on Fig. 7a , it can be suggested that there was planimetric contraction between them and the area is in the boundary of regime of stress (Heidbach et al., 2009) .
The altimetric strain analysis shows a big contraction in the MEXI, HER2 and PIE1 network, as shown in Fig. 7b .
Conclusions
This study allowed to associate the unstable points of the SIRGAS-CON geodetic network with seismic events and to determine the strain rates for pre-and post-seismic periods, while considering each triangular network as a homogeneous solid body.
The different strain values found for each seismic event analized are associated with different dimensions of the bodies formed by the network, therefore, although small, they are possibility signi cant for veri cation of the magnitudes and directions of stresses.
Strain calculation and result veri cation permitted analysis of the interactions between the lithospheric plates from the view point of contraction or extension of the points located in different plates with the possibility to identify different regimes of stress and decreasing the absence of information on regions.
Despite the association between seismic events and the geodetic network strains, no correlation was found between the magnitude, epicentral distance and geodetic point instabilities. This nding can be con rmed by the exclusion of events located in Nicaragua (6.9 M w ), Peru (7.5 M w ) and Ecuador (7.1 M w ). On the other hand, it was found that greater magnitude events caused the network points to dislocate more, as observed in the event on 02/27/2010, in Chile (8.8 M w ) in comparison with others. We can suggest, based on the results presented, that the greater the depth less strain in the surface.
Finally, we can say that the nite element method applied to bodies formed by the Delaunay triangulation method is efficient for calculating strains of geodesic structures and for understanding the iterations of efforts that work in the lithosphere and can be seen in the earth's surface. Therefore, it is suggested that this methodology is suitable to be applied to any area where observations are abundant geodesics.
